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EP 1 106 598 A2 

Description 

[0001] This invention relates to an improved process for preparing unsaturated aldehydes and acids utilizing high 
load reaction conditions. In particular, the invention relates to a process for preparing (meth)acrolein and/or (meth) 
5 acrylic acid from a reactive hydrocarbon utilizing a high reactive hydrocarbon space velocity thereby providing a process 
having increased capacity and throughput. 

[0002] Unsaturated aldehydes and carboxylic acids are important commercial chemicals. Of particular importance 
are (meth)acrylic acid and (meth) acrolein. The highly reactive double bond and acid/aldehyde function of (meth)acrylic 
acid and (meth)acrolein make them especially suitable as a monomer or as a manufacturing feedstock which may be 

10 polymerized alone or with other monomers to produce commercially important polymers. These unsaturated acids/ 
aldehydes are also useful as a starting material for esterification to produce commercially important (meth)acrylate 
esters or for producing other material using other reaction mechanisms. Such materials derived from (meth)acrylic 
acid or (meth)acrolein are useful as plastic sheets, parts, paints and other coatings, adhesives, caulks, sealants, and 
detergents as well as other applications. 

15 [0003] The chemical reactions for the preparation of (meth)acrylic acid and/or (meth)acrolein are fairly well known. 
For instance, the preparation of acrylic acid from propylene generally proceeds in a vapor phase two step catalytic 
oxidation reaction. In the first step propylene is oxidized in the presence of oxygen, diluent inert gasses, water vapor, 
and appropriate catalysts to produce acrolein according to equation (I): 
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C 3 H 6 + 0 2 => C 2 H 3 CHO + H 2 0 + heat (I). 

The acrolein is then oxidized, in a second step, in the presence of oxygen, diluent inert gasses, water vapor, and 
appropriate catalysts to form acrylic acid according to equation (II): 

C 2 H 3 CHO+#0 2 =>C 2 H 3 COOH + heat (II). 

[0004] The two stage vapor phase catalytic oxidation of propylene to acrylic acid is generally performed using either 
tandem reactors wherein a separate reactor is utilized for each step or stage ( e.g., see the description in U.S. Patent 
No. 4,873,368) or by utilizing one reactorto perform both steps (e.g., see the description in U.S. Patent No. 4,526,783). 
Furthermore, the acrolein may be prepared according to Equation (I) andthen utilized as a feedstock for the preparation 
of various other materials. 

[0005] The preparation of methacrolein and methacrylic acid from isobutylene proceeds in a similar manner. 
[0006] It is known in the art that the productivity of such (meth) acrolein and /or (meth)acrylic acid manufacturing 
processes may be increased by feeding a higher concentration of the starting hydrocarbon to the reactor or by increas- 
ing the space velocity of the total reactant feed. For instance, see U.S. Patent No. 5,929,275 which discloses a pro- 
pylene space velocity of 128 hr 1 in a process for making acrolein from propylene. 

[0007] The reactive hydrocarbon space velocity, defined below, is a measure of the volume of reactive hydrocarbon 
which contacts a particular volume of catalyst per unit time. Consequently, when the concentration of the reactive 
hydrocarbon or the total space velocity is changed the reactive hydrocarbon space velocity will change. For instance, 
when the reactive hydrocarbon concentration or the total space velocity is raised the reactive hydrocarbon space 
velocity will rise giving rise to higher load conditions. 

[0008] However, attendant with such reaction conditions are several problems. For instance, in the preparation of 
acrolein and/or acrylic acid when propylene In the reactant composition is fed at high propylene concentrations or fed 
at higher space velocity, because each step of the two step oxidation of propylene to acrylic acid is highly exothermic, 
as the propylene concentration and/or space velocity get higher there is a danger that the reaction may proceed too 
quickly and become difficult to control. In extreme cases, catastrophic events may occur such as a runaway reaction. 
[0009] Increased heat production from these reaction conditions also may lead to an increase in so-called hot spot 
formation and in an increase in the temperature maximum at a particular hot spot. Hot spots are maximums through 
which the reaction temperature of a particular reaction passes through as the reactants flow through the contact tube. 
Such hot spots can result in shortened catalyst life and impaired selectivity for the desired product. 
[0010] Consequently, the oxidation of propylene to acrylic acid is generally practiced in the art utilizing a propylene 
concentration in the reactant gas feed composition of between 4 and 7 volume percent of the total reactant feed com- 
position with a suitable space velocity. Typically, in the prior art, the reactive hydrocarbon space velocity is in a range 
of from 75 to 1 00 hr 1 . Generally, it is acknowledged in the art that such operating parameters will allow suitable safety 
with acceptable productivity and that operation outside these ranges is risky. 
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[0011] However, in the present day production of, for instance acrylic acid, it is a constant goal of manufacturers to 
gain the most productivity from manufacturing processes. It is thus a constant goal to be able to operate under high 
load conditions, i.e., greater than 1 00 hr 1 reactive hydrocarbon space velocity to achieve such increased productivity. 
[0012] U.S. Patent 4,203,906 describes a single reactor system for preparing acrylic acid from propylene utilizing 
5 (see Example 5) a reactive hydrocarbon space velocity of 94.5 hr 1 . 

[0013] U.S. Patent Nos. 4,365,087 and 4,873,368 have dealt with the problem of increasing process productivity/ 
capacity by raising the propylene concentration. However, the reactions were run with a higher contact time (lower 
space velocity) for the starting reactants. As a result the reaction was run at typical reactive hydrocarbon space veloc- 
ities of about B5 to 90 hr 1 (see for instance Example 1 of 087 and Examples 1-3 of *368). 
10 [0014] U.S. Patent No. 5,929 t 275 describes processes for the preparation of acrolein using reactive hydrocarbon 
space velocities from 1 00 to 12B hr 1 (see the Examples). However, the control of hot spot formation under high load 
conditions is effected by controlling the amount of the catalytically active component to be loaded on an inactive carrier, 
the particle size of the catalyst, the particle size of the earner and the calcining temperature of the catalyst-loaded carrier. 
[0015] The present inventors have now discovered that high load conditions including increased reactant concen- 
ts tration and/or increased space velocity, heretofore thought unavailable, may be utilized in (meth)acrylic acid/(meth) 
acrolein manufacturing processes. Accordingly, a novel process for preparing (meth)acrylic acid and/or (meth)acrolein 
is described herein wherein the following advantages are provided: 

(1 ) increased throughput/capacity is provided without additional capital expenditure; 
20 (2) increased throughput/capacity is provided without unacceptable additional catalyst life reduction; and 

(3) product yield loss is more than compensated for by higher throughput. 

[001 6] In one aspect of the present invention, there is provided a catalytic vapor phase oxidation process comprising 
(A) providing an oxidation reactor comprising a plurality of contact tubes disposed in a reactor shell, the inside of the 

25 reactor shell being divided into at least first and second heat transfer zones through each of which a heat transfer 
medium passes; each of said contact tubes containing at least two oxidation catalysts, said at least two oxidation 
catalysts being jointly capable of effecting the oxidation of a reactive hydrocarbon to a product gas comprising (meth) 
acrylic acid; said contact tubes containing at least two oxidation catalysts being packed with said at least two oxidation 
catalysts in such a manner so as to provide a peak-to-salt temperature sensitivity of not more than 9°C; and (B) feeding 

30 a reactant composition comprising (I) at least one reactive hydrocarbon and (ii) oxygen into said oxidation reactor, at 
a reactive hydrocarbon space velocity of from 135 hr 1 to 300 hr 1 , to contact said composition with said at least two 
oxidation catalysts to form a product gas comprising (meth) acrylic acid. 

[0017] In a second aspect of the present Invention, there is provided a catalytic vapor phase oxidation process, 
comprising: (A) providing a first oxidation reactor comprising a plurality of contact tubes disposed in a reactor shell, 

35 the inside of the reactor shell being divided into at least a first heat transfer zone through each of which a heat transfer 
medium passes; each of said contacttubes containing at least one first oxidation catalyst, said at least one first oxidation 
catalyst being capable of effecting the oxidation of a first reactive hydrocarbon and oxygen to a first product gas com- 
prising at least one second reactive hydrocarbon and oxygen, said contact tubes containing at least one first oxidation 
catalyst being packed in such a manner so as to provide a peak-to-salt temperature sensitivity of not more than 9°C; 

40 (B) feeding said first reactant composition comprising (I) at least one first reactive hydrocarbon and (ii) oxygen into 
said first oxidation reactor, at a first reactive hydrocarbon space velocity of from 135 hr 1 to 300 hr 1 , to contact said 
first reactant composition with said at least one first oxidation catalyst to form a first product gas comprising at least 
one second reactive hydrocarbon and oxygen; (C) providing a second oxidation reactor comprising a plurality of contact 
tubes disposed in a reactor shell, the inside of the reactor shell being divided into at least a first heat transfer zone 

45 through each of which a heat transfer medium passes; each of said contact tubes containing at least one second 
oxidation catalyst, said at least one second oxidation catalyst being capable of effecting the oxidation of said second 
reactive hydrocarbon and oxygen to a final product gas comprising (meth)acrylic acid, said contact tubes containing 
said at least one second oxidation catalyst being packed with said at least one second catalyst in such a manner so 
as to provide a A-peak value of not more than 5°G; (D) feeding said first product gas comprising (i) at least one second 

so reactive hydrocarbon and (ii) oxygen into said second oxidation reactor, at a second reactive hydrocarbon space ve- 
locity of from 135 hr 1 to 300 hr 1 ; to contact said first product gas with said at least one second oxidation catalyst to 
form a final product gas comprising (meth)acrylic acid. 

[0018] in a third aspect of the present invention, there is provided a catalytic vapor phase oxidation process, com- 
prising: (A) providing an oxidation reactor comprising a plurality of contacttubes disposed in a reactor shell, the inside 
55 of the reactor shell being divided into at least one heat transfer zone through which a heat transfer medium passes; 
each of said contact tubes containing at least one oxidation catalyst, said at least one oxidation catalyst being capable 
of effecting the oxidation of a reactant composition comprising at least one reactive hydrocarbon selected from the 
group consisting of acrolein, methacrolein and mixtures thereof and oxygen into a product gas comprising (meth)acrylic 
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acid, said contact tubes containing at least one oxidation catalyst being packed with said at least one oxidation catalyst 
in such a manner so as to provide a peak-to-salt temperature sensitivity of not more than 9°C; (B) feeding a reactant 
composition comprising (I) at least one reactive hydrocarbon selected from the group consisting of acrolein, methac- 
rolein and mixtures thereof, and (ii) oxygen into said oxidation reactor, at a reactive hydrocarbon space velocity of from 
1 35 hr 1 to 300 hr 1 , to contact said reactant composition with said at least one oxidation catalyst to form a product gas 
comprising (meth)acrylic acid. 

[001 9] In a fourth aspect of the present invention, there is provided a catalytic vapor phase oxidation process, com- 
prising: (A) providing an oxidation reactor comprising a plurality of contact tubes disposed in a reactor shell, the inside 
of the reactor shell being divided into at least one heat transfer zone through which a heat transfer medium passes; 
each of said contact tubes containing at least one oxidation catalyst, said at least one oxidation catalyst being capable 
of effecting the oxidation of a reactant composition comprising at least one reactive hydrocarbon selected from the 
group consisting of propylene, isobutylene and mixtures thereof and oxygen into a product gas comprising (meth) 
acrolein, said contact tubes containing said at least one oxidation catalyst being packed with said at least one oxidation 
catalyst in such a manner so as to provide a peak-to-salt temperature sensitivity of not more than 9°C; (B) feeding a 
reactant composition comprising (i) at least one reactive hydrocarbon selected from the group consisting of propylene, 
isobutylene and mixtures thereof and (ii) oxygen into said oxidation reactor, at a reactive hydrocarbon space velocity 
of from 135 hr 1 to 300 hr 1 , to contact said reactant composition with said at least one oxidation catalyst to form a 
product gas comprising (meth)acrolein. 

[0020] In a fifth aspect of the present invention, there is provided a catalytic vapor phase oxidation process, 
comprising : 

(A) providing an oxidation reactor comprising a plurality of contact tubes disposed in a reactor shell, the inside of 
the reactor shell being divided into at least first and second heat transfer zones through each of which a heat 
transfer medium passes; each of said contact tubes containing at least two sequentially disposed oxidation cata- 
lysts, said at least two oxidation catalysts being jointly capable of effecting the oxidation of a reactive hydrocarbon 
to a product gas comprising (meth)acrylic acid, a first oxidation catalyst in said sequence being capable of effecting 
the oxidation of a reactive hydrocarbon to (meth) acrolein and being substantially located in that portion of each 
contact tube in contact with the first heat transfer zone, a second oxidation catalyst in said sequence being capable 
of effecting the oxidation of (meth)acrolein to (meth)acrylic acid and being substantially located in that portion of 
each contact tube in contact with the second heat transfer zone; said contact tubes containing said at least two 
oxidation catalysts being packed with said at least two oxidation catalysts in such a manner so as to provide a 
peak-to-salt temperature sensitivity of not more than 9°C; and 

(B) feeding a reactant composition comprising 

(i) at least one reactive hydrocarbon, 

(ii) oxygen, 

(iii) less than 15 % by volume of the reactant composition of carbon oxides, and 

(iv) less than 15 % by volume of the reactant composition of inert gas fuel, 

with the proviso that the combined amount of carbon oxides and inert gas fuel present in the reactant composition 
is less than 15 % by volume of the reactant composition, 

into said oxidation reactor, at a reactive hydrocarbon space velocity of from 1 35 hr 1 to 300 hr 1 , to contact said reactant 
composition with said at least two oxidation catalysts to form a product gas comprising (meth)acrylic acid; 

wherein, when said portion of each contact tube in contact with the first heat transfer zone comprises a plurality 
of sequentially disposed reaction zones, the temperature differential, T SR1 - T, P1 , between the temperature of each 
subsequent reaction zone, T SR1 , and the temperature of its immediately preceding reaction zone, T IP1 , is less than 
+5°C; 

wherein, when said portion of each contact tube in contact with the second heat transfer zone comprises a plurality 
of sequentially disposed reaction zones, the temperature differential, T SR2 - T| P2 , between the temperature of each 
subsequent reaction zone, T SR2 , and the temperature of its immediately preceding reaction zone, T IP2( is less than 
+5°C. 

[0021] In a sixth aspect of the present invention, there is provided a catalytic vapor phase oxidation process, com- 
prising: 

(A) providing a first oxidation reactor comprising a plurality of contact tubes disposed in a reactor shell, the inside 
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of the reactor shell being divided into at least a first heat transfer zone through each of which a heat transfer 
medium passes; each of said contact tubes containing at least one first oxidation catalyst, said at least one first 
oxidation catalyst being capable of effecting the oxidation of a first reactive hydrocarbon and oxygen to a first 
product gas comprising at least one second reactive hydrocarbon and oxygen, said contact tubes containing at 
least one first oxidation catalyst being packed in such a manner so as to provide a peak-to-salt temperature sen- 
sitivity of not more than 9°C; 

(B) feeding said first reactant composition comprising 

(i) at least one first reactive hydrocarbon, and 

(ii) oxygen, 

(Hi) less than 15 % by volume of the reactant composition of carbon oxides, and 
(iv) less than 15 % by volume of the reactant composition of inert gas fuel, ' 

with the proviso that the combined amount of carbon oxides and inert gas fuel present in the reactant composition 
is less than 15 % by volume of the reactant composition, 

into said first oxidation reactor, at a first reactive hydrocarbon space velocity of from 135 hr 1 to 300 hr\ to contact 
saidfirst reactant composition with at least one first oxidation catalyst to form a first product gas comprising at least 
one second reactive hydrocarbon and oxygen ; 

wherein, when each said contact tube of said first oxidation reactor comprises a plurality of sequentially disposed 
reaction zones, the temperature differential, T SR1 - T IP1 , between the temperature of each subsequent reaction zone, 
T SR1 , and the temperature of its immediately preceding reaction zone, T, P1 , is less than +5°C; 

(C) providing a second oxidation reactor comprising a plurality of contact tubes disposed in a reactor shell, the 
. inside of the reactor shell being divided into at least a first heat transfer zone through each of which a heat transfer 

medium passes; each of said contact tubes containing at least one second oxidation catalyst, said at least one 
second oxidation catalyst being capable of effecting the oxidation of said second reactive hydrocarbon and oxygen 
to a final product gas comprising (meth)acrylic acid, said contact tubes containing at least one second oxidation 
catalyst being packed with said at least one second catalyst in such a manner so as to provide a peak-to-salt 
temperature sensitivity of not more than 9°C; 

(D) feeding said first product gas comprising 

(i) at least one second reactive hydrocarbon, and 

(ii) oxygen 

into said second oxidation reactor, at a second reactive hydrocarbon space velocity of from 135 hr 1 to 300 hr 1 ; 
to contact said first product gas with said at least one second oxidation catalyst to form a final product gas conv 
prising (meth)acrylic acid; 

wherein, when each said contact tube of said second oxidation reactor comprises a plurality of sequentially dis- 
posed reaction zones, the temperature differential, T SR2 - T iP2 , between the temperature of each subsequent reaction 
zone, T SR2 , and the temperature of its immediately preceding reaction zone, T lP2 , is less than +5°C. 
[0022] In a seventh aspect of the present invention, there is provided a catalytic vapor phase oxidation process, 
comprising : 

(A) providing an oxidation reactor comprising a plurality of contact tubes disposed in a reactor shell, the inside of 
the reactor shell being divided into at least one heat transfer zone through which a heat transfer medium passes; 
each of said contact tubes containing at least one oxidation catalyst, said at least-one oxidation catalyst being 
capable of effecting the oxidation of a reactant composition comprising at least one reactive hydrocarbon selected 
from the group consisting of acrolein, methacrolein, and mixtures thereof and oxygen into a product gas comprising 
(meth)acrylic acid, said contact tubes containing at least one oxidation catalyst being packed with said at least 
one oxidation catalyst in such a manner so as to provide a peak-to-salt temperature sensitivity of not more than 9°C; 

(B) feeding a reactant composition comprising 

(i) at least one reactive hydrocarbon selected from the group consisting of acrolein, methacrolein, and mixtures 
thereof, 

(ii) oxygen, 

(iii) less than 15 % by volume of the reactant composition of carbon oxides, and 
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(iv) less than 15 % by volume of the reactant composition of inert gas fuel, 

with the proviso that the combined amount of carbon oxides and inert gas fuel present in the reactant composition 
is less than 15 % by volume of the reactant composition, 

into said oxidation reactor, at a reactive hydrocarbon space velocity of from 135 hr 1 to 300 hr 1 , to contact said reactant 
composition with said at least one oxidation catalyst to form a product gas comprising (meth)acrylic acid; 

wherein, when each said contact tube comprises a plurality of sequentially disposed reaction zones'the temper- 
ature differential, T SR - T (P , between the temperature of each subsequent reaction zone, T SRf and the temperature of 
its. immediately preceding reaction zone, T, P , is less than +5°C. 

[0023] In an eighth aspect of the present invention, there is provided a catalytic vapor phase oxidation process, 
comprising : 

(A) providing an oxidation reactor comprising a plurality of contact tubes disposed in a reactor shell, the inside of 
the reactor shell being divided into at least one heat transfer zone through which a heat transfer medium passes; 
each of said contact tubes containing at least one oxidation catalyst, said at least one oxidation catalyst being 
capable of effecting the oxidation of a reactant composition comprising: at least one reactive hydrocarbon selected 
from the group consisting of propylene, isobutylene, and mixtures thereof and oxygen into a product gas comprising 
(meth)acrolein, said contact tubes containing at least one oxidation catalyst being packed with said at least one 
oxidation catalyst in such a manner so as to provide a peak-to-salt temperature sensitivity of not more than 9°C; 

(B) feeding a reactant composition comprising 

(i) at least one reactive hydrocarbon selected from the group consisting of propylene, isobutylene, and mixtures 
thereof, and 

(ii) oxygen, 

(iii) less than 15 % by volume of the reactant composition of carbon oxides, and 

(iv) less than 15 % by volume of the reactant composition of inert gas fuel, 

with the proviso that the combined amount of carbon oxides and inert gas fuel present In the reactant composition 
is less than 15 % by volume of the reactant composition, 

into said oxidation reactor, at a reactive hydrocarbon space velocity of from 1 35 hr 1 to 300 hr 1 to contact said reactant 
composition with said at least one oxidation catalyst to form a product gas comprising (meth)acrolein; 

wherein, when each said contact tube comprises a plurality of sequentially disposed reaction zones, the temper- 
ature differential, T SR - T, p , between the temperature of each subsequent reaction zone, T SRj and the temperature of 
its immediately preceding reaction zone, T, p , is less than +5°C. 

[0024] In a ninth aspect of the present invention, there is provided a catalytic vapor phase oxidation process, 
comprising : 

(A) providing an oxidation reactor comprising a plurality of contact tubes disposed in a reactor shell, the inside of 
the reactor shell being divided into at least first and second heat transfer zones through each of which a heat 
transfer medium passes; each of said contact tubes containing at least two sequentially disposed oxidation cata- 
lysts, said at least two oxidation catalysts being jointly capable of effecting the oxidation of a reactive hydrocarbon 
to a product gas comprising (meth)acrylic acid, a first oxidation catalyst in said sequence being capable of effecting 
the oxidation of a reactive hydrocarbon to (meth) acrolein and being substantially located in that portion of each 
contact tube in contact with the first heat transfer zone, a second oxidation catalyst in said sequence being capable 
of effecting the oxidation of (meth)acrolein to (meth)acrylic acid and being substantially located in that portion of 
each contact.tube in contact with the second heat transfer zone; said contact tubes containing said at least two 
oxidation catalysts being packed with said at least two oxidation catalysts in such a manner so as to provide a 
peak-to-salt temperature sensitivity of not more than 9°C; and 

(B) feeding a reactant composition comprising 

(i) at least one reactive hydrocarbon, 

(ii) oxygen, 

(iii) less than 15 % by volume of the reactant composition of carbon oxides, and 

(iv) less than 15 % by volume of the reactant composition of inert gas fuel, 

with the proviso that the combined amount of carbon oxides and inert gas fuel present in the reactant composition 
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is less than 15 % by volume of the reactant composition, 

into said oxidation reactor, at a reactive hydrocarbon space velocity of from 1 35 hH to 300 , to contact said reactant 
composition with said at least two oxidation catalysts to form a product gas comprising (meth)acrylic acid; 

wherein, when said portion of each contact tube in contact with the first heat transfer zone comprises a plurality 
of sequentially disposed reaction zones, the temperature differential, T SH1 - T IP1 , between the temperature of each 
subsequent reaction zone, T SR1 , and the temperature of its immediately preceding reaction zone, T IP1 , is greater 
than +5*C; 

wherein, when said portion of each contact tube in contact with the second heat transferzone comprises a plurality 
of sequenhally disposed reaction zones, the temperature differential. T SR2 - T IP2 , between the temperature of each 
subsequent reaction zone, T SR2 . and the temperature of its immediately preceding reaction zone, T IP2 , is less than 

[0025] In a tenth aspect of the present invention, there is provided a catalytic vapor phase oxidation process com- 
prising: * 

(A) providing a first oxidation reactor comprising a plurality of contact tubes disposed in a reactor shell the inside 
of the reactor shell being divided into at least a first heat transfer zone through each of which a heat transfer 
medium passes; each of said contact tubes containing at least one first oxidation catalyst, said at least one first 
oxidation catalyst being capable of effecting the oxidation of a first reactive hydrocarbon and oxygen to a first 
product gas comprising at least one second reactive hydrocarbon and oxygen, said contact tubes containing at 
least one first oxidation catalyst being packed in such a manner so as to provide a peak-to-salt temperature sen- 
sitivity of not more than 9°C; 

(B) feeding said first reactant composition comprising 

(i) at least one first reactive hydrocarbon, and 

(ii) oxygen, 

(iil) less than 15 % by volume of the reactant composition of carbon oxides, and 
(iv) less than 15 % by volume of the reactant composition of inert gas fuel, 

with the proviso that the combined amount of carbon oxides and inert gas fuel present in the reactant composition 
is less than 15 % by volume of the reactant composition, 

into said first oxidation reactor, at a first reactive hydrocarbon space velocity of from 135 hri to 300 hM to contact 
said first reactant composition with at least one first oxidation catalyst to form a first product gas comprising at least 
one second reactive hydrocarbon, oxygen, carbon oxides and inert gas fuel; 

wherein , when each said contact tube of said first oxidation reactor comprises a plurality of sequentially disposed 
reaction zones, the temperature differential, T SR1 - T IP1 , between the temperature of each subsequent reaction zone 
T sm r and the temperature of Its immediately preceding reaction zone, T IP1 , is greater than +5°C; 

(C) providing a second oxidation reactor comprising a plurality of contact tubes disposed in a reactor shell the 
inside of the reactor shell being divided into at least a first heat transfer zone through each of which a heat transfer 
medium passes; each of said contact tubes containing at least one second oxidation catalyst said at least one 
second oxidation catalyst being capable of effecting the oxidation of said second reactive hydrocarbon and oxygen 
to a final product gas comprising (meth)acrylic acid, said contact tubes containing at least one second oxidation 
catalyst being packed with said at least one second catalyst in such a manner so as to provide a peak-to-saft 
temperature sensitivity of not more than 9°C; 

(D) feeding said first product gas comprising 

(i) at least one second reactive hydrocarbon, 

(ii) oxygen, 

(Hi) carbon oxides, and 
(iv) inert gas fuel 

into said second oxidation reactor, at a second reactive hydrocarbon space velocity of from 135 hr 1 to 300 hr 1 ' 
to contact said first product gas with said at least one second oxidation catalyst to form a final product gas com- 
prising (meth)acrylic acid; 
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BO «jTT' Whe " e l° h C ° ntaCt tUbe °' SaW SeC ° nd ° Xidation reactor emprises a plurality of sequential* dis- 
posed reachon zones, the temperature differential. TsR2 - T lP2 . between the temperature of each subsequent reaction 
zone, T SR2 , and the temperature of its immediately preceding reaction zone, T IP2 , is greater than +5»C 

comprising e ' eVe " th °' ** ***** inVention ' there is provided a catalvtic va P° r Phase oxidation process, 

(A) Providing an oxidation reactor comprising a plurality of contact tubes disposed in a reactor shell, the inside of 
the reactor shell being divided into at least one heat transfer zone through which a heat transfer medium passes 
™1? S f „!!!♦ L Containin9 at least one oxidati °n catalyst, said at least one oxidation catalyst being 
capable of effecting the oxidation of a reactant composition comprising at least one reactive hydrocarbon selected 
mm the group consisfng of acrolein, methacrolein, and mixtures thereof and oxygen into a product gas comprising 
<meth)acryl,c acid, said contact tubes containing at least one oxidation catalyst being packed with said at le Jt 
one oxidation catalyst in such a manner so as to provide a peak-to-salt temperature sensitivity of not more than 9'C 

(B) feeding a reactant composition comprising 

(i) at least one reactive hydrocarbon selected from the group consisting of acrolein, methacrolein. and mixtures 
tnereof, 

(ii) oxygen, 

(iii) less than 15 % by volume of the reactant composition of carbon oxides, and 

(iv) less than 15 % by volume of the reactant composition of inert gas fuel. 

with the proviso that the combined amount of carbon oxides and inert gas fuel present in the reactant composition 
is less than 15 % by volume of the reactant composition, 

into said oxidation reactor, at a reactive hydrocarbon space velocity of from 1 35 hr 1 to 300 hr' . to contact said reactant 
composition with said at least one oxidation catalyst to form a product gas comprising (meth)acrylic acid- 

wherein, when each said contact tube comprises a plurality of sequentially disposed reaction zones,' the temper- 
ature differential, T SH - T lp , between the temperature of each subsequent reaction zone, T SR , and the temperature of 
Its immediately preceding reaction zone, T| P , is greater than +5°C. 

[0027] In a twelfth aspect of the present invention, there is provided a catalytic vapor phase oxidation process 
comprising : 

(A) providing an oxidation reactor comprising a plurality of contact tubes disposed in a reactor shell the inside of 
the reactor shell being divided into at least one heat transfer zone through which a heat transfer medium passes- 
each of said contact tubes containing at least one oxidation catalyst, said at least one oxidation catalyst being 
capable of effecting the oxidation of a reactant composition comprising: at least one reactive hydrocarbon selected 
rom the group consisting of propylene, isobutylene, and mixtures thereof and oxygen into a product gas comprising 
(meth)acrolein, said contact tubes containing at least one oxidation catalyst being packed with said at least one 
oxidation catalyst in such a manner so as to provide a peak-to-salt temperature sensitivity of not more than 9°C- 

(B) feeding a reactant composition comprising 

(i) at least one reactive hydrocarbon selected from the group consisting of propylene, isobutylene, and mixtures 
thereof, 

(ii) oxygen, 

(iii) less than 1 5 % by volume of the reactant composition of carbon oxides, and 

(iv) less than 15 % by volume of the reactant composition of inert gas fuel, 

with the proviso that the combined amount of carbon oxides and inert gas f ue( present in the reactant composition 
is less than 1 5 % by volume of the reactant composition, 

into said oxidation reactor, at a reactive hydrocarbon space velocity of from 1 35 hr^ to 300 hM to contact said reactant 
composition with said at least one oxidation catalyst to form a product gas comprising (meth)acrolein; 

wherein, when each said contact tube comprises a plurality of sequentially disposed reaction zones, the temper- 
ature differential, T SR - T IP , between the temperature of each subsequent reaction zone, T SR , and the temperature of 
its immediately preceding reaction zone, T IP , is greater than +5°C. 

[0028] Throughout this specification and claims, unless otherwise indicated, references to percentages are by molar 
volume and all temperatures are in degree centigrade. 

[0029] It is also to be understood that for purposes of this specification and claims that the range and ratio limits, 
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recited herein, are combinable. For example, if ranges of 1-20 and 5-15 are recited for a particular parameter, It is 
understood that ranges of 1 -15 or 5-20 are also contemplated. 

[0030] Throughout this specification and claims the terms "water vapor and "steam" are understood to be synony- 
mous. 

[0031] The term "inert 11 as used herein is meant to indicate that the particular material does not participate in, is 
unaffected by, and/or is otherwise inactive in the (meth)acryiic acid reaction system disclosed herein. Accordingly, a 
material such as propane is easily reacted or combusted in other systems, but in the reaction system of the present 
invention is considered inert. 

[0032] The term "catalyst" as used herein refers to pure catalysts, or pure catalyst provided on a support, by coating, 
impregnating etc., such pure catalyst on a support material. Accordingly, the terminology 100 percent catalyst refers 
not only to a material which is pure catalyst, but to 100 percent of a material which includes catalyst on a support 
material and/or impurities when purchased. That is, 100 percent catalyst refers to 100 percent of the catalyst as pur- 
chased, whether it be as neat chemical or with a support material. 

[0033] The term "(meth)acrylic acid" as used herein refers to both methacrylic acid and acrylic acid and in a like 
manner the term "(meth)acrolein n refers to both methacrolein and acrolein. 

[0034] The term "space velocity" or "SV" as used herein = (volumetric flow rate of the starting gas at STP/reactor 
volume(unpacked)). The term "residence time" as used herein = 1/SV. 

[0035] The term "reactive hydrocarbon space velocity" as used herein = (SV) x (the reactive hydrocarbon feed con- 
centration). 

[0036] The propylene conversion = (# moles propylene converted / # of moles propylene employed) x 100. 
[0037] The acrylic acid selectivity = (# of moles of acrylic acid produced / # of moles propylene converted) x 1 00. 
[0038] The acrolein selectivity = (# of moles of acrolein produced / # of moles propylene converted) x 1 00. 
[0039] The acrylic acid yield = (# of moles acrylic acid produced / # of moles propylene employed) x 1 00. 
[0040] The term "reactive hydrocarbon", as used herein, includes pure and substituted hydrocarbons as well as 
unsaturated hydrocarbons and hydrocarbon derivatives. 

[0041] Although the invention is generally described below in regard to the preparation of acrolein and/or acrylic 
acid, It will be understood by those skilled in the art that the invention is applicable to the preparation of other unsaturated 
aldehydes and acids, including methacrolein and methacrylic acid. 

[0042] As recited above, the catalytic vapor phase process of the present invention includes feeding a reactant 
composition into an oxidation reactor. The reactant composition includes at least one reactive hydrocarbon and an 
oxygen-containing material. 

[0043] In one embodiment, the reactive hydrocarbon is an unsaturated hydrocarbon including, but not limited to, 
propylene, isobutylene and mixtures thereof. In a preferred embodiment, the reactive hydrocarbon is propylene. The 
propylene used may be from any source and may be any grade suitable for an acrolein and/or acrylic acid producing 
vapor phase oxidation reaction. Suitable grades include, but are not limited to, polymer grade (generally greater than 
or equal to 99% propylene), chemical grade (generally greater than or equal to 94% propylene), and refinery grade 
(generally greater than or equal to 60% propylene). In a more preferred embodiment, the propylene content is greater 
than or equal to 94% propylene. Use of chemical grade or refinery grade propylene has the added advantage of pro- 
viding combustible materials such as propane which are present as impurities. The propane provides more inert gas 
to the system, but more importantly provides fuel for the thermal or catalytic oxidation or incineration of absorber off- 
gas. Accordingly, the propane impurity enters the thermal or catalytic oxidizer or incinerator with the absorber off-gas 
and reduces the additional fuel required to bum the off-gas. Generally, chemical grade propylene contains up to 6 
percent combustible impurities and refinery grade propylene contains up to 40 percent combustible impurities. 
[0044] If propylene is utilized it is generally present in the reactant composition at greater than 7 percent by volume 
of the reactant composition. However, it will be understood by those skilled in the art that high load conditions, that is 
the reactive hydrocarbon space velocities of the present invention, may be obtained by decreasing the concentration 
of the propylene and increasing the total space velocity. 

[0045] Typically, the reactive hydrocarbon is present in the reactant composition at a range from 1 to 20 volume 
percent. In one embodiment, the reactive hydrocarbon is propylene, and is present at a range of from 4 to 11 . In an 
alternative embodiment, the reactive hydrocarbon is present at a range of 7 to 1 1 , preferably 7.5 to 9 percent by volume 
of the reactant composition. In another embodiment, the reactive hydrocarbon is a hydrocarbon derivative including, 
but not limited to, acrolein, methacrolein and mixtures thereof. In an alternative embodiment, the reactive hydrocarbon 
is acrolein. The acrolein used may be from any source and may be any grade suitable for an acrylic acid producing 
vapor phase oxidation reaction. Typically the acrolein is generated and supplied utilizing the first stage reaction forthe 
production of acrylic acid described above. The acrolein may be produced in situ in the first stage of a single reactor 
system and be introduced into the second stage of the single reactor system for conversion to acrylic acid. Alternatively, 
the acrolein may be generated in a first oxidation reactor of a tandem reactor system and then passed into a second 
oxidation reactor as part of the second reactant composition for conversion into acrylic acid. Acrolein is generally 
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present in the reactant composition at a range from 1 to 22 percent by volume of the reactant composition In one 
embodiment, acrolein is present at a range of from 5 to 18, preferably, 6 to 12 percent by volume of the reactant 
composition. 

[0046] Typically, the reactive hydrocarbon is fed to a single reactor system reactor at a reactive hydrocarbon space 
velocity of 135 to 300 hr^, preferably 135 to 250 hr\ more preferably 140 to 230 hrV Alternatively the reactive 
hydrocarbon is fed to the first oxidation reactor of a tandem reactor system of at a reactive hydrocarbon space velocity 
of 135 to 300 hr\ preferably 135 to 250 hr 1 , more preferably 135 to 225 hH and then on to the second oxidation 
reactor of the tandem system at a reactive hydrocarbon space velocity of 135 to 300 hr 1 , preferably 135 to 250 hr 1 
more preferably 1 35 to 225 hr\ It is to be understood that in the tandem reactor situation the initial reactive hydrocarbon 
space velocity to the second oxidation reactor is calculated from the initial reactant feed, including the propylene con- 
centration and the reactor volume (unpacked) of the second oxidation reactor catalyst. 

[0047] The oxygen containing material in the reaction composition may be any material containing an amount of 
oxygen sufficient to maintain the oxidation reactions of the present invention. Suitable examples include, without lim- 
itation, air, oxygen-enriched air, pure oxygen, and mixtures of pure oxygen and at least one inert gas or mixtures thereof 
The preferred source of oxygen is air. Typically oxygen is present in the reactant composition in an amount suitable to 
meet the stoichiometric needs of the reaction. Generally, an amount of oxygen which will provide an oxygen/propylene 
ratio in the reactant composition of 1 .6 to 2.2: 1 .0, preferably 1 .6 to 2.0: 1 .0, is provided. 

[0048] The reactant composition(s) may also contain water vapor which may be present in the reaction composition 
in an amount of 2 to 30, preferably 5 to 1 1 percent by volume of the reactant composition. Alternatively, in the absence 
of recycle, the water vapor may be present at a range from 15 to 25 percent by volume of the reactant composition. 
The water vapor may be provided by recycle from other process steps or be otherwise generated and provided to the 
reactant composition or may be provided by both recycle and generation. 

[0049] In a preferred embodiment, water vapor is at least in part provided by recycle of the absorber off-gas back to 
the reactor. The acrylic acid prepared according to the present invention is present in a mixed product gas exiting the 
single reactor system reactor or second oxidation reactor of a tandem system. Generally, the mixed product gas is 
cooled and is contacted with an aqueous stream in an absorption tower, thereby providing an aqueous acrylic acid 
solution from which acrylic acid can be isolated and purified. The remainder of the product gasses, known as the 
absorber waste gas or absorber off-gas, is typically incinerated or undergoes waste treatment. Depending on the 
reactants feed gas composition, the absorber off-gas may contain inert gasses, 0 2 , water vapor, CO, C0 2 , unreacted 
30 propylene, unreacted acrolein and/or acrylic acid. " ' 

[0050] Inert gas may also be used in the reaction composition and may be any gaseous material or mixtures of 
gaseous materials which is inert to the oxidation reactions of the present invention. Typical examples include, but are 
not limited to, nitrogen, carbon dioxide, helium, argon, propane and carbon monoxide, or mixtures thereof. The preferred 
inert gas is nitrogen or a mixture of nitrogen with at least one other inert gas. The preferred source of nitrogen is at 
least one of air, recycled absorber off-gas, recycled stack gas, and mixtures thereof. The inert gas generally constitutes 
a major amount of the remainder of the reactant composition which is not propylene, oxygen, orwater vapor. Generally, 
the inert gas is 50 to 99.9, preferably 60 to 99.9 volume percent of the remainder of the reactant composition. 
[0051 ] It is known in the art to recycle at least a portion of the absorber off-gas back to the reactor(s) to provide inert 
diluent gas and steam to the reactant composition. Recycle of the absorber off-gas can be used to provide at least a 
portion of the necessary diluent gasses and steam to the reactor feed to assure a suitable reactive hydrocarbon and 
water vapor concentration. In addition, recycling the absorber off-gas serves to reduce waste water generated by the 
process by reducing the amount of steam that is fed to the process. Furthermore, small amounts of unreacted propylene 
and/or acrolein contained in the off-gas are given another chance to react and thereby improve the overall acrylic acid 
yield by optimizing conversions of propylene and acrolein. 

[0052] In an alternative preferred embodiment, ail of the absorber off-gas is added to the thermal or catalytic oxidizer/ 
incinerator feed and is burned. At least a portion of the stack gas from the thermal or catalytic oxidizer generated during 
operation is then recycled back to the oxidation reactor(s). Generally, the recycle of the absorber off-gas or the recycle 
of the stack case is limited to the case where the amount of carbon oxides (CO and/or C0 2 ) is less than 15 volume 
percent of the reactant composition, preferably less than 10 volume percent of the reactant composition. 
[0053] As recited above, the reaction composition may optionally include at least one inert gas which is suitable for 
use as fuel for thermal or catalytic oxidation/incineration of waste absorber off-gas. Such inert gas fuel may be provided 
as part of the impurities in the propylene feed, as part of the absorber off-gas, or as neat chemical. Suitable examples 
include, but are not limited to, propane, ethane, methane, butane, pentane or mixtures of one or more of the above. 
In one embodiment, the inert gas fuel is propane. Generally, such inert gas fuel is present in a minor amount in the 
reactant composition, for example, the inert gas fuel is less than 15 volume percent of the reactant composition, pref- 
erably less than 10 volume percent of the reactant composition. When carbon oxides (CO and/or CO z ) and inert gas 
fuel are present in the reactant composition, the combined amount thereof should be less than 15 volume percent of 
the reactant composition, preferably less than 10 volume percent of the reactant composition. 
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[0054] In a preferred embodiment, the water vapor and inert gas and optionally at least a portion of the inert gas 
fuel, of the reaction composition, are provided by recycle of the absorber off-gas to the reactor. Generally an amount 
of absorber off-gas is recycled which is suitable to provide the appropriate amounts of water vapor and inert gas 
However, it is understood by those skilled in the art that the absorber off-gas may not provide all of the requirements 
of water vapor and/or inert gas of the system and additional amounts may be added from other sources When absorber 
off-gas recycle is not used, steam and nitrogen are used as the primary diluents. Steam is not consumed but may 
alterthe selectivity, conversion and/or catalytic activity in the oxidation reactions and is part of the mixed product gasses 
emerging from the reactor. When the mixed product gasses are introduced into the absorption column the steam 
substantially condenses at the bottom of the absorption column and is a small part of the gasses flowing throuqh the 
absorber. 

[0055] The-oxidation reactor may be any oxidation reactor suitable for the manufacture of an unsaturated aldehyde 
or acid. Preferably, the oxidation reactor is a shell and multiple contact tube heat exchange reactor. Generally such a 
reactor includes a plurality of catalytic contact tubes disposed in a shell through which at least one heat exchanae 
medium passes. a 

[0056] In one embodiment, the oxidation reactor may be a single reactor system which is a shell and multiple contact 
tube heat exchange reactor having a plurality of catalytic contact tubes disposed in a shell through which at least two 
heat exchange medium circuits pass. Specifically, the inside of the reactor shell is divided into at least a first heat 
transfer zone and a second heat transfer zone through each of which a heat transfer medium passes. The catalytic 
contact tubes run longitudinally from the top portion to the bottom portion of the reactor through a perforated tubesheet 
It is understood that the reactor may contain one or more perforated tubesheets which divide the reactor into two or 
more heat transfer zones. Suitable single reactor systems are described, for instance in U.S. Patent Nos. 4 256 783* 
4,203,906; 5,151,605; and co-pending U.S. Patent Application Ser. No. 09/244,182 which are incorporated herein by 
reference to the extent they teach a single reactor system. 

[0057] Such a single reactor system provides the ability to run an oxidation reaction at several temperatures or to 
run several oxidation reactions, each at a different temperature, in a single reactor. A single reactor system may be 
utilized, for instance, when different temperature zones are required or desired in a vapor phase oxidation reaction 
For example, a single reactor system may be utilized in the two step oxidation of propylene to acrylic acid, wherein in 
a first stage propylene is oxidized to acrolein at a particular temperature range, which in turn passes to the second 
stage and is oxidized at a different temperature range to acrylic acid. Each of said stages may be further divided Into 
a plurality (i.e. two or more) of sequential reaction zones, each of which may be maintained at a desired temperature. 
Typically, the temperature of each subsequent reaction zone in a stage is less than 5°C higher than, preferably less 
than, the temperature of the immediately preceding reaction zone in the stage. However, in some instances the tem- 
perature of each subsequent reaction zone in a stage may be greater than 5°C higher than, preferably greater than 
1 0°C higher than, the temperature of the immediately preceding reaction zone in the stage. Typically, each stage may 
be divided into two sequential reaction zones. 

[0058] In an alternative embodiment, the oxidation reactor may be a single reactor wherein the reactor is maintained 
at one temperature range. Specifically, the oxidation reactor may be a shell and multiple contact tube heat exchange 
reactor having a plurality of catalytic contact tubes disposed in a shell through which one heat exchange medium circuit 
passes. Alternatively, It will be recognized by those skilled in the art that the reactor may also be maintained at two or 
more temperature ranges, as noted above, and that two or more heat exchange circuits may be utilized. 
[0059] Such a reactor is useful in a so called tandem reactor system wherein two reactors are utilized, one for each 
stage, in the two step oxidation of propylene to acrylic acid. In such a system the first reactor is utilized to produce 
acrolein which is then passed through an interstage cooler and on to a second reactor wherein the acrolein is oxidized 
to acrylic acid. Of course, it will be recognized by one skilled in the art that it is not necessary that such a reactor be 
operated in tandem with another reactor. Rather, the reactor may stand alone to produce an unsaturated aldehyde or 
acid. Such a reactor is described, for instance in U.S. Patent Nos. 5,739,391 and 5,821 ,390 which are incorporated 
by reference to the extent they teach reactors maintained at a single temperature range. 

[0060] Any catalysts suitable for the vapor phase catalytic oxidation of a reactive hydrocarbon to an unsaturated 
aldehyde or acid may be used in the process of the present invention. Such catalysts are known and used in the art. 
For example, suitable catalysts for the oxidation of propylene to acrolein (hereinafter referred to as R1 catalysts) are 
descnbed in, for instance, U.S. Patent Nos. 4,025,565; 5,821,390; and 5,929,275. Suitable catalysts for the oxidation 
of acrolein to acrylic acid (hereinafter referred to as R2 catalysts) are described in, for instance, 3,775 474- 3 893 951 • 
3,954,855; 4,075,127; 4,146,732; 4,259,21 1 ; 4,339,355; 5,1 77,260; and 5,739,391 . Suitable catalysts for the oxidation 
of propane to acrylic acid are described in, for instance, U.S. Patent No. 5,380,933; and co-pending U S Patent Ap- 
plication Ser. No. 09/316,007. 

[0061] The catalyst may be packed into the catalyst contact tube in any suitable manner. In one embodiment, each 
of the catalyst contact tubes includes one or more catalysts which individually or in combination are capable of effecting 
the preparation of acrylic acid from acrolein or acrolein from propylene. In a further embodiment, each of the contact 
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tubes includes reaction zones A and A' each containing one or more catalysts which individually or in combination are 
capable of effecting the oxidation of propylene to acrolein. In one embodiment, reaction zones A and A 1 have a different 
catalytic activity for converting propylene to acrolein or for converting acrolein to acrylic acid. Such differing activity 
may be achieved by reaction zones A and A 1 having diluted or undiluted catalyst as well as differing dilutions respec- 
5 tiveiy, by containing different catalyst having differing activity, or by being controlled to differing temperatures, as noted 
above. 

[0062] In an alternative embodiment, each of the contact tubes contains at least two catalysts at least capable of 
catalyzing oxidation of propylene to acrolein and at least capable of catalyzing oxidation of acrolein to acrylic acid. The 
at least two catalysts may be packed so as to overlap or be intertwined or be disposed within the contact tubes se- 
10 quentially so that the reactants contact a first catalyst capable of effecting the oxidation of propylene to acrolein and 
then a second catalyst capable of effecting the oxidation of acrolein to acrylic acid. 

[0063] In an alternative embodiment, each of the contact tubes include at least two catalysts at least capable of 
catalyzing oxidation of propylene to acrolein and at least capable of catalyzing the oxidation of acrolein to acrylic acid. 
In one embodiment, each of the contact tubes contain reaction zones A and A* which contain one or more catalysts at 

15 least capable of catalyzing oxidation of propylene to acrolein and reaction zones B and B' which contain one or more 
catalysts at least capable of catalyzing oxidation of acrolein to acrylic acid. In one embodiment, reaction zones A and 
A' have a different catalytic activity for converting propylene into acrolein and/or reaction zones B and B* have a different 
activity for converting acrolein to acrylic acid. As discussed above, such differing activity may be achieved by catalyst 
dilution, by using different catalyst having different activity, or by temperature control. 

20 [0064] In another embodiment, the two previous embodiments may be combined so that each contact tube may have 
reaction zones A, A' and B; A, A\ and B'; A, B, and B'; or A', B, and B\ 

[0065] In a further embodiment, a reaction zone A" containing 0 to 1 0 percent by weight catalyst is disposed between 
the A reaction zones, e.g., A or A', and the B reaction zones, e.g., B or B\ in each contact tube. Generally, zone A M is 
less than 10 percent of the total length of the contact tube. For instance in one embodiment zone A" is 350 to 850, 

25 preferably 380 to 650 mm long. In one embodiment, the reaction zone A" is packed with a high surface area material 
with a heat transfer enhancing shape which is inert to and stable in the reaction system. Suitable examples include, 
alumina, alundum, mullite, carborundum, steel including stainless steel, copper, aluminum and ceramics. Furthermore, 
as stated above the material should be in a form in which its outer surface area is large including, without limitation, 
small spheres, cylinders, rings, filament, meshes and ribbons. In another embodiment, reaction zone A" contains from 

30 0.1 to 5 percent by weight of at least one catalyst capable of effecting the oxidation of propylene to acrolein and/or the 
oxidation of acrolein to acrylic acid. 

[0066] In an alternative embodiment, tandem reactors are used whereby the first stage reactor includes a reaction 
zone A which contains one or more catalysts at least capable of catalyzing oxidation of propylene to acrolein and the 
second stage tandem reactor includes a reaction zone B which contain one or more catalysts at least capable of 

35 catalyzing oxidation of acrolein to acrylic acid. In a preferred embodiment, tandem reactors are used whereby the first 
stage reactor includes reaction zones A and A' which contain one or more catalysts at least capable of catalyzing 
oxidation of propylene to acrolein and the second stage tandem reactor includes reaction zones B and B' which contain 
one or more catalysts at least capable of catalyzing oxidation of acrolein to acrylic acid. In one embodiment, reaction 
zones A and A' have a different catalytic activity for converting propylene into acrolein and/or reaction zones B and B' 

40 have a different activity for converting acrolein to acrylic acid. As recited above, several means are available for achiev- 
ing differing catalytic activities. 

[0067] Optionally, as described above each reactor , i.e., the first and second oxidation reactors may have an addi- 
tional reaction zone A" or B" which may be located before zone A (or B), between zones A and A' (or between B and 
B') , or after A' (or B'). Such reaction zone is as described above. 

45 [0068] Regardless of the manner that the catalyst(s) is packed into the contact tubes, the packing must be effected 
in such a manner so as to provide a peak-to-salt temperature sensitivity of not more than 9°C, preferably not more 
than 6°C, most preferably not more than 3°C. The peak-to-salt temperature sensitivity is the increase in catalyst peak 
temperature measured in °C. brought about by increasing the heat transfer medium temperature by 1°C. The peak- 
to-salt temperature sensitivity may be empirically determined by packing a single tube as would be utilized in the 

50 oxidation reactor (i.e., same tube size (inside diameter and outside diameter) and cross-section, same material of 
construction, same length), in the same manner as contemplated for use in the oxidation reactor (using or not using 
zones such as A, A', A", B, B' and B", etc., having the zone(s) of the same length as contemplated for actual reactor 
operation, having the zone(s) contain the same catalyst(s) as contemplated for actual use) and fitted out with heat 
transfer zone (s) as contemplated for use in the actual oxidation reactor. Then, using the desired reactive hydrocarbon 

55 space velocity, under reaction conditions to produce 94 - 99 % propylene conversion, preferably 95 - 99 % propylene 
conversion, or 97 - 99.9 % acrolein conversion, preferably 9B - 99.9 % acrolein conversion, the peak-to-salt temperature 
sensitivity is determined by raising the temperature of the heat transfer media and determining the increase of the 
catalyst peak temperature. Conversion levels can be monitored by the use of on-line gas chromatographic analysis of 
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both the feed and effluent compositions. 

[0069] Typically, the oxidation reactor will contain greater than 5,000 catalyst contact tubes. In one embodiment, the 
oxidation reactor contains greater than 15,000 catalyst contact tubes. In another embodiment, the reactor contains 
greater than 20,000, preferably greater than 25,000 catalyst contact tubes. In an alternative embodiment, the reactor 

5 contains greater than 30,000 catalyst contact tubes. The contact tubes utilized are those generally known and used in 
the art. The contact tubes may be arranged in any suitable arrangement known in the art. Such suitable arrangements 
are described and disclosed in, for instance, U.S. Patent Nos. 4,256,783; 5,151 ,605; and DE 2,201 ,528. 
[0070] As recited above, the oxidation reactor, whether it is a single reactor system or simply a single reactor of a 
tandem system, may be divided into a first heat transfer zone and a second heat transfer zone by a perforated tubesheet 

10 through which the contact tubes pass. In a typical single reactor system , the first heat transfer zone generally corre- 
sponds to that portion of the reactor where the oxidation of propylene to acrolein predominantly occurs in the contact 
tubes. The first heat transfer zone not only maintains an appropriate temperature range, but also serves to heat the 
reactants to the reaction temperature. In a like manner , the second heat transfer zone corresponds to that portion of 
the reactor where oxidation of acrolein to acrylic acid predominantly occurs in the contact tubes, wherein the reactants 

15 are brought to second stage reaction temperature and then maintained at this temperature. It is also recognized that 
some oxidation to acrylic acid may occur in reaction zones A and A' and some oxidation of propylene to acrolein may 
occur in reaction zones B and B'. Furthermore, if used, either reaction may occur in zones A" and B". Accordingly, the 
contact tubes are arranged so that the appropriate reaction zones are positioned in the appropriate heat transfer zone. 
[0071 ] Each heat transfer zone has circulating within it a heat transfer medium which is used to maintain an effective 

20 catalyst temperature profile and therefore reaction temperature. Maintaining a desired catalyst temperature profile is 
required for maintaining the optimum acrylic acid yield and for optimizing catalyst life. If the reaction temperature is too 
high, more carbon dioxide and carbon monoxide are formed thereby resulting in lower yields. Furthermore, the catalyst 
will age more quickly at excessive reaction temperatures. Of course, if the temperature gets high enough an uncon- 
trolled runaway reaction may occur. If not controlled, such a reaction could lead to catalyst destruction and/or explosive 

25 conditions. If the reaction temperature is too low, less propylene will be converted to acrolein and acrolein to acrylic 
acid so that yields will be lower. If the reaction temperature is excessively low, a flammable mixture of propylene and/ 
or acrolein may travel downstream leading to serious consequences. 

[0072] The heat transfer medium circulates within each heat transfer zone thereby transferring heat from those outer 
portions of the contact tubes it contacts in the particular zone. The first heat transfer zone, corresponding to the oxidation 

30 of propylene to acrolein, is maintained at a temperature of 250 to 450, preferably 280 to 380 Q C. This first heat transfer 
zone may correspond to the heat transfer zone in the first stage reactor of a tandem system or the first stage heat 
transfer zone of a single reactor system. The second heat transfer zone, corresponding to the oxidation of acrolein to 
acrylic acid is maintained at a temperature of 220 to 450, preferably 240 to 360 °C. This second heat transfer zone 
may correspond to the heat transfer zone in the second stage reactor of a tandem system or the second stage heat 

35 transfer zone of a single reactor system. 

[0073] As explained above, it is to be understood that each reactor of a tandem system may be divided into two heat 
transfer zones to, for example, better control the temperature of the reaction. Likewise, each heat transfer zone of a 
single reactor system may be subdivided so as to provide individualized temperature control of sequential reaction 
zones in each stage, as described above. 

40 [0074] Typically, the temperature difference of the heat transfer medium between point of entrance and point of exit 
from the oxidation reactor in a particular heat transfer zone is 2 to 12 °C. The radial temperature gradient of the heat 
transfer medium in the oxidation reactor is 0.1 to 5 °C. The peak catalyst temperatures are 20 to 70 °C above the heat 
transfer medium temperature and are very sensitive to changes in the heat transfer medium temperature. As is known 
in the art the catalyst will lose activity as it grows older. To compensate, reaction temperature must be increased to 

45 maintain production of acrolein and acrylic acid at desired levels. 

[0075] The heat transfer medium may circulate in any manner deemed suitable for the particular reactor system 
utilized. In one embodiment, the heat transfer medium circulates within the reactor cocurrent with the flow of the reactant 
gasses through the reactor. It is understood that the cocurrent flow may proceed top to bottom, bottom to top or side 
to side in the reactor. In an alternative embodiment, the heat transfer medium circulates within the reactor countercurrent 

so with the flow of the reactant gasses through the reactor. In another embodiment, the heat transfer medium circulates 
within the reactor both cocurrent with the flow of the reactant gasses and transverse both away from and towards the 
center of the reactor in a meandering flow, in another alternative embodiment, the heat transfer medium circulates 
within the reactor both countercurrent with the flow of the reactant gasses and transverse both away from and towards 
the center of the reactor in a meandering flow. In a further embodiment, a bypass flow of the heat transfer medium is 

55 provided. U.S. Patent Nos. 4,256,783; 5,151 ,605; 5,739,391 ; and DE 2,201 ,528, describe and disclose contact tube 
and baffle arrangements in contact tube fixed bed shell reactors which provide for cocurrent, countercurrent, transverse 
and bypass flows of the heat transfer medium, such references being incorporated herein by reference for their teaching 
of heat transfer medium flow and reactor arrangements to accomplish the same. Furthermore, it is understood that the 
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baffles may be arranged so as to have equal spacing between baffles or variable spacing between baffles. 
[0076] The heat transfer medium may be any heat transfer medium suitable for use under the temperature conditions 
of the present invention. Generally the heat transfer medium is a salt melt, preferably a salt melt of 40 to 80, preferably 
50 to 70 percent by weight potassium nitrate and 60 to 20, preferably 50 to 30 percent by weight sodium nitrite. In an 

s alternative embodiment, the salt melt may include sodium nitrate as a substitute for sodium nitrite or potassium nitrate 
or as an additional component of the salt melt. The sodium nitrate is generally present at up to 20, preferably up to 1 0 
percent by weight of the total salt composition. Other examples of heat transfer mediums include heat transfer oils, 
both oleaginous and synthetic, heat transfer fluids such as phenyl ethers and polyphenyls, and low melting metals 
such as sodium, tin, mercury, as well as low melting alloys of various metals. 

10 [0077] In one embodiment, the heat transfer medium circulates within the reactor in at least two distinct heat transfer 
medium circuits. In another embodiment, the heat transfer medium circulates within each reactor of a tandem reactor 
system in at least one distinct heat transfer medium circuit. Preferably, at least one circuit is in each heat transfer zone. 
In an alternative embodiment, the heat transfer circuit contains a cooling circuit whereby a portion of the heat transfer 
medium of each heat transfer medium circuit is circulated to the outside of the reactor for cooling and then returned to 

15 the heat transfer medium circuit. In a further embodiment, the heat transfer medium circulates within the reactor in at 
least two distinct heat transfer medium circuits at least one of which is a bypass circuit where at least a portion of the 
heat transfer medium circulates in a manner so as to bypass contact with at least a portion of the contact tubes. In an 
alternative embodiment, the at least two distinct heat transfer medium circuits include two distinct heat transfer medium 
circuits as well as both a cooling circuit and a bypass circuit. 

20 [0078] Once produced, the hot mixed product gasses exit the reactor and are sent for further processing. As is known 
in the art, such further processing may include extraction, absorption and/or distillation processes to produce crude, 
glacial and/or flocculant grade acrylic acid. 

[0079] The following Examples are provided as an illustration of the present invention; and utilize four different R1 
catalysts, i.e. R1-A, R1-B, R1-C and R1-D and four different R2 catalysts, i.e. R2-A, R2-B, R2-C and R2-D. 
25 Abbreviations used throughout this application are: 

°C = degrees Centigrade mm = millimeters 

%C3 = volume percent of propylene 

02/C3 = ratio of oxygen to propylene 
30 % steam = volume percent steam or water vapor 

R1-SV = Space velocity into first oxidation reactor (hr 1 ) 

R1 C3-SV= Propylene space velocity into first oxidation reactor (hr 1 ) 

R2-SV = Space velocity into second oxidation reactor (hr 1 ) 

R2 C3-SV= Propylene space velocity into second oxidation reactor (hr 1 ) 
35 C3 Conv = percent propylene conversion 

AA Yield = percent yield of acrylic acid 

AA (lb/hr)/tube = pounds of acrylic acid produced per hour per contact tube 
Examples 1-3 

40 

[0080] Examples 1 -3 utilized a reactant mixture according to Table 1 having the indicated volume percent of reactive 
hydrocarbon, an amount of air and absorber off -gas sufficient to maintain the indicated oxygen/propylene ratio, and 
the indicated volume percent of water vapor which was fed to the contact tubes of a first shell and tube oxidation reactor 
of a tandem reactor system surrounded by a molten salt mixture for temperature control, each tube having an inner 
45 diameter of 39.3 mm. The reactants were introduced into the contact tubes, at the indicated reactive hydrocarbon 
space velocity (propylene space velocity), of a first oxidation reactor. The reactions were targeted to be maintained at 
a salt temperature between 3"! 0 to 330°C. 



Table 1 



50 



55 



Ex. 


%C3 


02/C3 


% steam 


R1-SV 


R1 C3-SV 


R2-SV 


R2 C3-SV 


1 


7.1 


1.78 


32.39 


1142 


81 


1144 


81 


2 


7.1 


1.78 


32.41 


1342 


95 


1344 


95 


3 


7.1 


1.7B 


32.40 


1547 


109 


1549 


110 



[0081] The contact tubes of the first oxidation reactor were packed with an R1 catalyst, designated R1-A, in two 
zones A and A'. Zone A was packed the R1 -A catalyst diluted to 40 % by volume with inert Denstone 57® catalyst bed 
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supports available from Norton Chemical Products Corp., of Akron, Ohio so that zone A was 40% catalyst Zone A' 
contained 1 00 percent of the R1 -A catalyst. The ratio of the lengths of Zone A and Zone A', A/A", was 1.1. 
[0082] The mixed product gas formed in the first oxidation reactor was then introduced into the contact tubes of a 
second shell and tube oxidation reactor of a tandem reactor system surrounded by a molten salt mixture for temperature 
control, each tube having an inner diameter of 39.3 mm. The contact tubes of the second oxidation reactor were packed 
with an R2 catalyst, designated R2-A, in two zones B and B'. Zone B was packed with the R2-A catalyst diluted to 40 
percent by volume with inert Denstone 57® catalyst bed supports available from Norton Chemical Products Corp., of 
Akron, Ohio so that zone B was 40% cataiyst. Zone B' contained 100 percent of the R2-A catalyst.The ratio of the 
lengths of Zone B and Zone B\ B/B\ was 0.7. The reactants were introduced into the contact tubes, at the indicated 
reactive hydrocarbon space velocity (R2 propylene space velocity), of a second oxidation reactor. The reactions were 
targeted to be maintained at a salt temperature between 250 to 270 °C. 

[0083] The acrylic acid yield (AA Yield) and process productivity (AA Ibs/hr/tube) were calculated and are reported 
as relative values (i.e., Relative AA Yield of Example N (N = 1 -3) = (AA Yield of Example N) + (AA Yield of Example 
1) and Relative AA Ibs/hr/tube of Example N (N = 1-3) = (AA Ibs/hr/tube of Example N) +(AA Ibs/hr/tube of Example 
1)) in Table 2. 



Table 2 



Ex. 


Relative AA Yield 


Relative AA Ibs/hr/tube 


1 


1.000 


1.00 


2 


0.995 


1.17 


3 


0.989 


1.34 



25 Examples 4-9 

[0084] Examples 4-9 utilized a reactant mixture according to Table 3 having the indicated volume percent of reactive 
hydrocarbon, an amount of air and absorber off-gas sufficient to maintain the indicated oxygen/propylene ratio, and a 
volume percent of water vapor, which was fed to the contact tubes of a first shell and tube oxidation reactor of a tandem 
30 reactor system surrounded by a molten salt mixture for temperature control each tube having an inner diameter of 39.3 
mm. The reactants were introduced into the contact tubes, at the indicated reactive hydrocarbon space velocity (pro- 
pylene space velocity), of a first oxidation reactor. The reactions were targeted to be maintained at a salt temperature 
between 330 to 360°C. 



Table 3 



40 



45 



Ex. 


%C3 


02/C3 


% steam 


R1-SV 


R1 C3-SV 


R2-SV 


R2 C3-SV 


4 


7.0 


1.79 


32.39 


1152 


81 


1158 


82 


5 


7.1 


1.77 


32.39 


1140 


81 


1145 


82 


6 


7.1 


1.79 


32.39 


1352 


95 


1358 


96 


7 


7.1 


1.78 


32.39 


1553 


110 


1560 


110 


8 


7.1 


1.78 


32.39 


1651 


117 


1658 


117 


9 


7.1 


1.78 


32.40 


1747 


124 


1755 


125 



[0085] The contact tubes of the first oxidation reactor were packed with an R1 cataiyst, designated R1-B, in two 
zones A and A'. Zone A was packed with the R1-B catalyst diluted to 60% by volume with inert Denstone 57<8> catalyst 
bed supports available from Norton Chemical Products Corp., of Akron, Ohio so that zone A was 60% catalyst. Zone 

so A' contained 1 00 percent of the R1 -B catalyst. The ratio of the lengths of Zone A and Zone A', A/A, was 0.5. 

[0086] The mixed product gas formed in the first oxidation reactor was then introduced into the contact tubes of a 
second shell and tube oxidation reactor of a tandem reactor system surrounded by a molten salt mixture for temperature 
control, each contact tube having an inner diameter of 39.3 mm. The contact tubes of the second oxidation reactor 
were packed with an R2 catalyst, designated R2-B, in two zones B and B\ Zone B was packed with the R2-B catalyst 

55 diluted to 78% by volume with inert Denstone 57® catalyst bed supports available from Norton Chemical Products 
Corp., of Akron, Ohio so that zone B was 78% catalyst. Zone B' contained 100 percent of the R2-B catalyst. The ratio 
of the lengths of Zone B and Zone B', B/B\ was 0.5. The reactants were introduced into the contact tubes, at the 
indicated reactive hydrocarbon space velocity (R2 propylene space velocity), of a second oxidation reactor. The reac- 
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tions were targeted to be maintained at a salt temperature between 270 to 300 °C. 

[0087] The acrylic acid yield (AA Yield) and process productivity (AA Ibs/hrAube) were calculated and are reported 
as relative values (i.e., Relative AA Yield Of Example N (N = 4-9) = (AA Yield of Example N) + (AA Yield of Example 
4) and Relative AA Ibs/hr/tube of Example N (N = 4-9) = (AA Ibs/hrAube of Example N) + (AA Ibs/hr/tube of Example 
4)) in Table 4. 



Table 4 



Ex. 


Relative AA Yield 


Relative AA Ibs/hr/tube 


4 


1.000 


1.00 


5 


1.005 


1.00 


6 


0.994 


1.16 


7 


0.985 


1.33 


8 


0.979 


1.41 


9 


0.969 


1.48 



Examples 10-26 

[0088] Examples 1 0-26 utilized a reactant mixture according to Table 5 having the indicated volume percent of re- 
active hydrocarbon, an amount of air and absorber off-gas sufficient to maintain the indicated oxygen/propylene ratio, 
and the indicated volume percent of water vapor which was fed to the contact tubes of a shell and tube oxidation reactor 
of a single reactor system surrounded by a molten salt mixture for temperature control, each contact tube having an 
inner diameter of 25.2mm. The reactants were introduced into the contact tubes, at the indicated reactive hydrocarbon 
space velocity (propylene space velocity), of the oxidation reactor. The reactions were targeted to be maintained at a 
salt temperature between 325 to 350 *C in the first stage (R1) and 275 to 300 °C in the second stage (R2). 



Table 5 



Ex. 


%C3 


02/C3 


% steam 


R1-SV 


R1 C3-SV 


R2-SV 


R2 C3-SV 


10 


7.0 


1.79 


9.97 


1677 


117 


1646 


115 


11 


7.0 


1.78 


9.97 


1670 


118 


1639 


115 


12 


7.1 


1.7B 


9.96 


1668 


118 


1638 


116 


13 


7.1 


1.77 


9.96 


1669 


118 


1639 


116 


14 


7.0 


1.79 


9.99 


2011 


141 


1974 


139 


15 


7.1 


1.78 


9.95 


2006 


141 


1969 


139 


16 


7.0 


1.79 


9.95 


2282 


161 


2241 


158 


17 


8.0 


1.79 


9.95 


2005 


161 


1968 


158 


18 


8.1 


1.78 


9.95 


1997 


161 


1961 


158 


19 


7.1 


1.7B 


9.95 


2293 


162 


2251 


159 


20 


7.0 


1.79 


9.98 | 


2512 


177 


2466 


174 


21 


8.0 


1.78 


9.97 


2202 


177 


2162 


174 


22 


8.0 


1.78 


9.99 


2492 


201 


2447 


197 


23 


8.1 


1.78 


9.98 


2491 


201 


2446 


197 


24 


8.0 


1.79 


6.96 


2782 


224 


2731 


220 


25 


8.1 


1.78 


6.99 


2779 


224 


2728 


220 


26 


8.1 


1.78 


6.99 


2771 


224 


2721 


220 



[0089] The contact tubes of the oxidation reactor were packed with R1 -A and R2-A catalysts, as utilized in Examples 
1 - 3, in four zones A, A', B, and B'. Zone A was packed with the R1 -A catalyst diluted to 66 % by volume with inert 
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Denstone 57<8> catalyst bed supports available from Norton Chemical Products Corp., of Akron, Ohio so that zone A 
was 66% catalyst. Zone A' contained 100 percent of the R1-A catalyst. The ratio of the lengths of Zone A and Zone 
A\ A/A', was 0.4. Zone B was packed with the R2-A catalyst diluted to 70 % by volume with inert Denstone 57® catalyst 
bed supports available from Norton Chemical Products Corp., of Akron, Ohio so that zone A was 70% catalyst. Zone 
5 B' contained 100 percent of the R2-A catalyst. The ratio of the lengths of Zone B and Zone B\ B/B\ was 0.4. 

[0090] The acrylic acid yield (AA Yield) and process productivity (AA Ibs/hrAube) were calculated and are reported 
as relative values (i.e., Relative AA Yield of Example N (N = 10-26) = (AA Yield of Example N (N = 10-26) + (AA Yield 
of Example 10) and Relative AA ibs/hrrtube of Example N (N = 10-26) = (AA Ibs/hr/tube of Example N) -h (AA lbs/hr/ 
tube of Example 1 0)) in Table 6. 

10 

Table 6 



20 



25 



30 



35 



Ex. 


Relative AA Yield 


Relative AA Ibs/hr/tube 


10 


1.000 


1.00 


11 


1.001 


1.01 


12 


1.001 


1.01 


13 


0.997 


1.01 


14 


0.989 


1.19 


15 


0.989 


1.19 


16 


0.983 


1.35 


17 


0.979 


1.35 


16 


0.978 


1.35 


19 


0.982 


1.36 


20 


0.976 


1.47 


21 


0.974 


1.47 


22 


0.964 


1.65 


23 


0.964 


1.65 


24 


0.949 


1.81 


25 


0.950 


1.82 


26 


0.943 


1.81 



Examples 27-33 

40 

[0091] Examples 27-33 utilized a reactant mixture according to Table 7 having the indicated volume percent of re- 
active hydrocarbon, an amount of air and absorber off-gas sufficient to maintain the indicated oxygen/propylene ratio, 
and the indicated volume percent of water vapor which was fed to the contact tubes of a shell and tube oxidation reactor 
of a single reactor system surrounded by a molten salt mixture for temperature control, each contact tube having an 
45 inner diameter of 25.2mm. The reactants were introduced into the contact tubes, at the indicated reactive hydrocarbon 
space velocity (propylene space velocity), of the oxidation reactor. The reactions were targeted to be maintained at a 
salt temperature between 340 to 360 °C in the first stage (R1) and 280 to 300 °C in the second stage (R2). 



Table 7 



55 



Ex. 


%C3 


02/C3 


% steam 


R1-SV 


R1 C3-SV 


R2-SV 


R2 C3-SV 


27 


7.0 


1.78 


9.96 


1659 


117 


1645 


116 


28 


7.1 


1.78 


9.97 


1650 


117 


1636 


116 


29 


7.0 


1.78 


10.00 


1659 


117 


1645 


116 


30 


7.1 


1.78 


9.96 


1655 


117 


1641 


116 


31 


7.1 


1.78 


9.97 


1982 


140 


1965 


139 



17 



